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PREFACE

This final technical report on the Fiber Optics Receiver Integrated Circuit
(FORIC) Development program was submitted by Honeywell Inc., Systems
and Research Center, 2600 Ridgway Parkway, Minneapolis, Minnesota
55413, under Contract F33615-76-C-1275 for the U, S, Air Force Avionics
Laboratory, Wright-Patterson Air Force Base, Ohio 45433. The AFAL
Coatract Monitor was Gary Gaugler. The Principal Investigator was Ben R.
Elmer; Dave Fulkerson and Greg Schmitz were the other major Honeywell
coatributors. The author wishes to acknowledge the significant contribution
of Dr. J. Robert Biard of Spectronics, who defined the concept and major
functions required, as well as detailed design, and contributed many hours

of analysis and refinement.
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SECTION I

INTRODUCTION, SUMMARY, AND RECOMMENDATIONS

INTRODUCTION AND SUMMARY

Fiber optics has an ultimate goal of providing sophisiticated signal trans-
mission systems which take advantage of the wide bandwidth and high inter-
ference rejection capabilities of optical data links. This type of information
transmission system will be lightweight, small, immune to EMI and EMP,
and economical. However, current fiber optic links are hampered by ex-
ceedingly high cost components, especially the transmitter and receiver

modules, which preclude fiber optics for general use in military systems.

This document constitutes the final technical report of a development pro-
gram to design, fabricate, test, and deliver approximately 1000 monolithic
Fiber Optic Receiver Integrated Circuit (FORIC) devices. The FORICs each
contain all functions necessary to amplify photodiode signals. Two active
components, a PIN photodiode and the FORIC, are all that is required to
convert a light signal from a fiber optic link into a digital transistor-

transistor logic (TTL) signal in the range 10 K to 10 M bits/sec.

When properly packaged, these two components will constitute a general

purpose receiver module for use in many military applications requiring

high reliability, low cost, medium performance characteristics.




This report documents the design process used for the FORIC in addition to
describing how it is to be used. The report begins with general capabilities
which include some tutorial information that will familiarize the reader with
the functions performed by the FORIC. The sensitivity, bandwidth, and
dynamic range are briefly described. Specific information on the FORIC
device specification and how to use the devices is presented next, followed
by a detailed description of the actual circuit operation. The detailed design
process is then covered with drawings and equations for obtaining device
parameters and determining how they are used in the models that allow com-
puter simulation of the circuit design. Finally, the complete test, burn-in,
and qualification plans are presented along with the device packaging

information.

RECOMMENDATIONS

There are three major areas that can be addressed to improve the FORIC

with minimum risk:
e Packaging
® Yield improvement

® Increased function

Packaging

The TO-100 package (Figure 36) is a very inexpensive, small, reliable, mature
semi-conductor package. However, its major disadvantages for packaging the
FORIC are the number of leads and the spacing of the leads. Since there

are only 10 leads, only one ground can be provided. To properly shield the




input from the output requires at least three ground leads, plus the ability
to easily mount shields between the leads as they exit the header. Because
of the circular pattern of the 10 leads on a 0.25 inch diameter, shielding is

difficult.

A more reasonable packaging approach is to put the FORIC in a leadless chip
carrier (LCC). The LCC is really a miniature 14-pin DIP package without
a large framework or long leads; shielding is much easier. The LCC costs
less than a 14-pin DIP, and it can be mounted on a printed circuit board or a
hybrid substrate. Characterization of the FORIC in this type package should

reveal improved performance.

Yield Improvement

The original design goal for the sensitivity of the FORIC was 125 nA.

During the performance evaluation following the final process runs, a prob-
lem in the "on-chip'" ground path was discovered. The TTL ground and the
pre-amp ground must be connected together, but not on the chip itself.
Coupling from output to input results from the present ground path layout on
the chip and forces the device specification for sensitivity to be 250 nA. Be-
cause of the chip ground path, the lead bonding length and position for both
ground and the TTL output are very critical. This results in some loss in

packaging yield.

Packaging yield will increase when the chip ground path is corrected. There

is also a strong possibility that the sensitivity will improve if this change is

made.




Increased Function

The FORIC is intended to be used with Manchester coding. Part of the Man-
chester decoding function requires information on the status of the input
signal to the FORIC, The decoder needs to know if the signal is valid
(>250 nA) so it can correct for errors of a given type. The present FORIC
does not have a status indicator because at the time of the synthesis of the
circuit, no simple method was known. After more exposure to the actual
performance of the device and considerable effort devoted to the synthesis
of this function, a method of providing a status indicator has been deter-
mined. It consists of a differential amplifier, sensing circuit, level trans-
lator, current mirror, and TTL open collector output stage. The circuitry
required to implement these functions is relatively simple. The area re-
quired would not increase the chip size and would have little effect in the
overall yield. Because of the difficulty in trying to accomplish the status

function external to the FORIC, this internal method is recommended.




SECTION II ;

GENERAL FUNCTIONAL CAPABILITIES

Figure 1 lists performance characteristics underneath the block diagram of

the FORIC.

The primary function of the FORIC is to convert a low level signal current
produced by a photon detector into a digital signal. The FORIC's sensitivity
and dynamic range combined with its wide data rate range provide the
capability required for use in various length point-to-point links. When

used with one of a variety of detectors, it provides a general purpose

SV INPUT

+
i REGULATORS
PIN DIODE ]
- *-
N
S 1 PRE-AMP 15t POST-AMP 2nd POST-AMP
| il

___4=____ O TTLOUTPUT
l

COUPLING CAPACITOR
COMPARATOR

CHARACTERISTICS:

. 10K — 10Mb/s MANCHESTER, POINT-TO-POINT
SENSITIVITY 250 nA

1
2.
¢ 3. OPTICAL SIGNAL RANGE 16db
:!,:: AGC CAPACITOR 4. 10% BIT ERROR RATE
\ 5. 5570 +1259C AND SV & 10%

Figure 1. Fiber Optic Receiver Integrated Circuit (FORIC)




optical/electrical conversion interface in a convenient, easy-to-use inte-

grated circuit form.

The FORIC is intended to be used only in point-to-point digital data links.
Operation in a data bus environment requires additional circuitry not avail-
able on the FORIC. The parameters that describe the receiver performance

are:
e Sensitivity and bandwidth
° Dynamic range
The important characteristics of the FORIC are:
e Pre-amp AGC
e AC coupling
° TTL output

A brief discussion of these parameters and characteristics follows.

SENSITIVITY AND BANDWIDTH

Sensitivity of the FORIC is expressed in terms of the minimum peak-to-peak
input current that will produce an output signal with a given bit error rate

(BER).

BER is a means of estimating the probability that an error will be made in
interpreting the signal state at a given sampling time. The source of this

error for fiber optics communications is detector and pre-amp noise. The

fiber itself does not introduce noise.




The BER is a function of the ratio of the peak signal to the rms noise. !
Noise is a function of the receiver bandwidth; a larger bandwidth produces
more noise. Therefore, to determine the noise amplitude, the detector type,
circuit configuration, and receiver bandwidth must be determined. Once the
noise is calculated and BER is defined, the minimum signal required to
obtain a specified BER at the calculated noise level can be determined.

This minimum signal is then the sensitivity; for the FORIC, it is 250 nA
peak-to-peak for BER < 10“8 at a 10 Mb/sec data rate. Another means of

expressing sensitivity is to state the minimum input light power to the de-

tector (Pin) relative to a reference power (Pref = 1 mW).
dBm = 10 log =2>-
P
ref

For a detector that outputs 0.5 mA/mW, the sensitivity is then -33 dBm for

this detector and the FORIC combination receiver.

DYNAMIC RANGE

The dynamic range is usually expressed in decibels and relates the maximum
input signal to the minimum input signal. When the input current into the
FORIC is used as the input signal, the dynamic range is in electrical

decibels.

1J. R. Biard, 'Optoelectronic Aspects of Avionic Systems, " Final Technical
Report AFAL-TR-73-164, April 1973.
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T 20 108 556 nA
min

72 dB electrical

dynamic range = 20 log

This can also be expressed in terms of the range of power (light) into the
detector. The term ''dynamic range'' is inappropriate in describing this
power expression. Instead, it is usually referred to as the optical signal

range (OSR) and is defined as

OSR = 10 log e 36 dB power
in

E—

This large range (4000:1) is a direct result of the unique pre-amp AGC

circuit designed for this IC,
PRE-AMP AGC

As illustrated in Figure 1, the automatic gain control (AGC) for the FORIC
operates on the pre-amp itself to extend the OSR beyond the normal range
obtainable with the limitations placed on the pre-amp. Givena 5 V TTL
compatible power supply, the specified sensitivity necessitates that the
FORIC be AC coupled. A bipolar signal (one that swings an equal amount
above and below a DC bias voltage) must be developed to transfer the signal
across the coupling capacitor. A full 5 V cannot be used for this swing be-
cause its tolerance (+0.5 V) is too large. Therefore, a 3.9 V, "on-chip"

regulated supply is used as the supply voltage.




All these considerations limit the dynamic range of the linear pre-amp to
46 dB. The AGC circuit absorbs the excess signal above 46 dB and limits

the pre-amp gain to operation within this linear range of 46 dB.
AC COUPLING

One factor that can limit sensitivity of a pre-amp is the drift associated
with temperature and/or supply variations. Depending on the particular
temperature compensation scheme used, the drift of a pre-amp can be sig-
nificantly larger than the input noise. If a pre-amp is DC coupled to a post-

amp, this drift seriously affects receiver sensitivity.

For optimum performance a DC coupled receiver threshold, the dividing line
between a one and zero, should be set just above the noise with no input sig-
nal present, Since drift affects the threshold, it is necessary to increase
the threshold-to-noise separation by the maximum expected drift, This in-
creases the required input signal for most operating conditions. The FORIC

is AC coupled as indicated in Figure 1.

AC coupling improves sensitivity over DC coupling for a large temperature
range, but AC coupling confines the input signal to a constant average value
for all time intervals comparable to the AGC time constant. NRZ coding
with long strings of 1's or 0's cannot be, for example, reproduced across

the coupling capacitor. An encoding scheme such as Manchester, . which

2.)’. R. Biard, '"Optoelectronics Aspects of Avionics Systems II, "' Technical

Report AFAL-TR-45, May 1975.

Rieas




has a transition in every bit time to keep the average value of the signal

constant, must be used.

TTL OUTPUT

The post-amp output of the FORIC is a bipolar signal of relatively large
amplitude referenced to the 3.9 V internal supply. However, this type of
signal does not meet the requirements for the FORIC output. A comparator
stage consisting of cross coupled current sources referenced to ground is
used to translate this signal down to a ground referenced signal that is fed
into a TTL output stage. The output is compatible with the 5400 series TTL

logic family.

s S A it
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SECTION III

APPLICATION INFORMATION

The FORIC is intended to be used as a general purpose receiver for fiber
optic point-to-point links. It can interface with PIN photodiodes or ava-
lanche photodiodes of various types. The main advantages of the FORIC

over hybrid or discrete implementations are:
e No adjustments (trim pots, etc.) required
e Small physical size
e Higher reliability (fewer connections)

e Lower production cost

Because the FORIC is a monolithic integrated circuit, it has the features

that make it easy to use in general purpose applications.

The information required to apply the FORIC in a point-to-point link is de-
tailed in this section. The section begins with a formal device specification

and then treats various functional and physical details of the FORIC.

11
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DEVICE SPECIFICATION

Electrical Characteristics

The performance characteristics apply over the operating temperature
range and supply voltage listed in Table 1 (-55°C to +125°C, +5 V + 10 per-

cent). The IC operates as depicted in Figure 2 and has the following
characteristics:

DC Performance Characteristics--

Maximum Ratings:

The maximum ratings are as specified in Table 1,

Supply Voltage and Current:
The IC supply voltages are ground and +5 V + 10 percent, and

the supply current will not exceed 70 mA under all operating

conditions.

Input Characteristics:

The input characteristics are specified in Table 2.

Output Characteristics:

The output characteristics are as specified in Table 3. The

output load should be one standard 5400 series TTL input.

St .

vy r——




TABLE 1. MAXIMUM RATINGS

Parameter Value Units

Supply Voltage, Vcc

Operating 4.5t05.5 Volts

Non-Operating 7 Volts
Photodiode Input Current

Operating 0.5 mA

Non-Operating 1.0 mA
Supply Current, Icc 70 mA
Temperature

Operating -55 to +125 SE

Non-Operating -65 to +150 = (&
Device Junction Temperature, Tj +150 S E
Power Dissipation, Pd 400 mW
Lead Temperature (soldering 10 sec) 250 =0

13




(REVERSE BIAS)
+V A

E

(REVERSE BIAS)
+V A

— Hh cc __: fx Hh Vee
L A~ Lo
hn l } 2 N l i Ee
IN out IN ouT
-—O
E
=4 @ 9 O =06 © OO0
G A LIV D 38V G A LIV D 38V

CONFIGURATION #1
(10 PIN TO-100)

CONFIGURATION #2
(14 PIN DIP)

FOR PIN NUMBERS, SEE FIGURE 7

-—

=

<
1

39v

Figure 2.

PHOTODIODE CURRENT INPUT
TTL OUTPUT

SUPPLY VOLTAGE

SUPPLY REFERENCE
AUTOMATIC GAIN CONTROL (AGC)
PREAMP OUTPUT

OUTPUT STAGE INPUT

3.9V FILTER POINT

1.7V REGULATOR GUTPUT

3.9V REGULATOR OUTPUT
BAND GAP REGULATOR OUTPUT

FORIC Package Options
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TABLE 2.

INPUT CHARACTERISTICS

Parameter Test Conditions Min Typ Max Unit
Non-Operating
Photodiode Input
Current - 1 mA
Total External
Input Capacitance Note 1 - 3.0 pF

Note 1: All parasitic (leads, sockets, etc.) plus the photo-
diode capacitance is included in this condition.

TABLE 3. OUTPUT CHARACTERISTICS
Parameter Test Conditions Min | Max Unit
High Level Output Vec =4.5V 2.4 v
Voltage VOH
High Level Output Note 1, V =2,4V 400 KA
Current I e
OH
Low Level Output Vee = 5.5V IOL = =16 mA 0.4 | V
Voltage VOL Note 1
Low Level Output Vce = 4,5 V, Note 1 -16.0 | mA
Current IOL
Short Circuit Output [ Vi = 2.4 V min. before -55 mA

Current

shorting, Note 1

Note 1: Measured over operating temperature and supply range.

15
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AC Performance Characteristics--

e Switching Characteristics:
The switching characteristics from the input current to the
output voltage are in accordance with Table 4 and Figures 3,
4 and 5. The allowable data rate of the IC is between 10 K
and 10 M bits/sec (Manchester).

Environmental Conditions

The FORIC is processed to meet MIL-STD-883B testing for class B parts.

Unpackaged Chips--The unpackaged chips pass MIL-STD-883B internal
visual (monolithic) test--Method 2010. 2, Condition B.

Packaged Units--The packaged units pass MIL-STD-883B as shown in
Table 5.

PACKAGE PIN OUT INFORMATION

The FORIC was delivered in three configurations: unpackaged 'chips, "
14-pin ceramic DIPS, and 10-pin TO-100 cans. The unpackaged chips can
be used on hybrid substrate assemblies or in "leadless" chip carriers.
Figure 6 is a photomicrograph of the unpackaged chip showing the relative
pad (connection points) positions. These chips are DC tested and visually
inspected only. No AC testing or hermetic sealing is possible for the chips

in this configuration,

16




TABLE 4. SWITCHING CHARACTERISTICS

Parameter Min Typ Max Units

Data rate (DR)
Manchester coded data (see
Figure 4) 10 10 bits/sec

Photodiode current input Iy
Including dark leakage cur-
rent Inp and signal current
(see Figure 4) 0. 250 500 uA

Bit error rate
Ij 2 250 nA P
10% < DR <107 bits/sec 10 error/sec

Input transition time
High-to-low and low-to-high
TIHL and TILH 15 nsec

Input pulse width
Tq or Ty 40 nsec
Tp + Tg (see Figure 3) 0.1 100 usec

Output pulse width
T3 Byl Ty To+7 nsec
T4 (see Figure 3) To=1 Tg To+7 nsec
ﬁ Delay time low-to-high

oy 30 75 nsec

Delay time high-to-low
TDHL 30 75 nsec

Output transition time
Low-to-high
TOLH 3 7 15 nsec
Output transition time
High-to-low
TOHL 2 4 15 nsec

Note: All switching characteristics are measured with the standard
load shown in Figure 4.
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Figure 3.
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Figure 4. Manchester Code
"'Vbias k Vce +5V
23 RLoaD
‘ FIBER OPTIC RECEIVER 3902
I INTEGRATED CIRCUIT %
E 4 DIODES ARE
IN914 OR EQUIVALENT

Figure 5.

Output Equivalent Circuit for One TTL Load




TABLE 5.
MIL-STD-883A ENVIRONMENTAL TESTS FOR PACKAGED UNITS

Description Method Condition
Internal visual 2010.1 B
High-temperature storage 1008. 1 C, 24 hr
Temperature cycling 1010.0 B
Constant acceleration 2001. 1 E, Y, axis only
Fine and gross leak 1014.1 -——-

Burn-in test 1015.1 B, 168 hr
External visual 2009.1 S

20
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Figure 7 shows the pin connection diagrams for both 14-pin DIP and TO-100
packages. The pin labelled NC indicates no internal connection is made to
that package pin; thus, it can be used as a tie point or grounded. These

packaged chips are fully tested and hermetically sealed.
FOWER SUPPLY FILTERING

Filtering the Vcc supply as close to the FORIC Vcc pin as possible is nec-
essary to provide a clean output current waveform. Both high and low fre-
quency filter capacitors are required because of the extremely low level
input signals being sensed. Filter capacitor values are dependent on the
power supply used, but a 4.7 UF in parallel with a 0.1 yF capacitor will be
adequate for most power supplies. Short leads on the capacitors combined

with a ground plane are recommended.
PHOTODIODE TYPE AND FILTERING

The FORIC is compatible with a number of photodiodes. However, certain
types of photodiodes with anodes tied to the case are not recommended for
use with the FORIC. Difficulties in shielding the case of this type of photo-
diode from EMI and the large capacitance associated with the case tend to

limit the FORIC sensitivity.

Various bius voltages from 5 V to 90 V are required by the different types
of photodiodes. Whatever the bias voltage, some filtering is required to
prevent extraneous signals from getting into the photodiode. In addition,
adding a photodiode current limiting resistor is recommended. The filtering

arrangement chosen depends on the supply used but a 1 KQ series resistor
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with a 0.1 pF capacitor is adequate to limit the current and filter most bias
supplies. An important point is that the 1.7 V regulator output is actually
"signal ground" as far as the FORIC input is concerned. Therefore, any
filter capacitor on the bias supply should be returned to the 1.7 V regulator

pin instead of supply ground.
FORIC INPUT CONSIDERATIONS

The DC bias point of the FORIC input is +1.7 V, and it is a current sink.
This means that the photodiode anode must be connected to the input pin and
that the reverse bias supply must be positive with respect to the +1.7 V
supply. As mentioned before, the '"signal ground" relative to this input is
the 1.7 V regulator output.

Accidentally grounding the FORIC input will not damage it, but it%will cause
approximately 25 mA to flow in the 1.7 V regulator. This current may
overheat the regulator and lead to problems if the grounding remains for
more than a few seconds. Accidentally connecting the input to the Vcc or
other voltage greater than +1.7 V can cause damaged input circuitry if the
current is not limited. The device specification allows 1 mA maximum input

current.
EXTERNAL COMPONENTS REQUIRED

Figure 8 shows a typical set of capacitors required for normal operation of
the FORIC with a Manchester codes (constant average value) input signal.
In addition to those capacitors for power supply and photodiode bias supply

filtering, certain other capacitors are required.
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Coupling Capacitor

The FORIC is an AC coupled receiver and therefore requires a coupling
capacitor connection as shown in Figure 8 (also see Figure 1). Although

the value of this capacitor is not critical, less than 0.1 pF or greater than
100 pF is not recommended. Operation at 10 Mb/sec requires a small value
coupling capacitor for a small RC charging time compared with a 10 Kb/sec
data rate. The 1.0 uF coupling capacitor shown is used for testing FORIC
devices at both 10 K and 10 M bits/sec. If a polarized capacitor is used,

the positive side should be connected to the pre-amp output. The maximum

voltage across this capacitor will be less than 5 V,

AGC Capacitor

The AGC capacitor maintains a voltage proportional to the average input
signal swing, which in turn essentially controls the gain of the pre-amp.
The actual value of this AGC capacitor is not critical, but a range of 0.001
to 10 uF is recommended. A large value AGC capacitor will take a long
time to reach its final voltage value; thus, the start-up time from first
putting a signal into the FORIC input until valid data is obtained on the
FORIC is long. However, once it has reached this final value, sniall vari-
ations in average signal value will not affect the FORIC output. A small
value AGC capacitor will have a short start-up time but may be sensitive to
input data average value changes. The 0.01 pF AGC capacitor shown in
Figure 8 is adequate for normal signals. This AGC capacitor is physically

connected between the AGC pin and the +1.7 V regulator output because the

1.7 V regulated output is the "signal ground. "




Regulator Filter Capacitor

Both the 1.7 V and the 3.9 V regulator outputs require external filter capa-
citors. Although Vcc is adequately filtered as mentioned above, the 'on-
chip' regulators experience small output variations caused by the signal
and/or on-chip noise sources. Satisfactory performance has been obtained
with the 1.0 puF capacitors shown in Figure 8. The 3.9 V capacitor must be

connected to the 1.7 V output and its capacitor is connected to ground.
PHYSICAL MOUNTING CONSIDERATIONS

Because of the very sensitive FORIC input and very large swing TTL output,

some precautions in physical placement of components is required.

The most important physical mounting consideration is the proper routing

of the photodiode to FORIC input wiring. There are two opposing considera-
tions that must be mediated to obtain proper circuit operation. First, the
input capacitance to ground must be minimized. The device specification
allows 3.0 pF maximum. Second, the coupling capacitance between the input
and any other noise or signal source must be minimized. For example, a

5 ns fall time of the 3 V TTL output (1.3 V change relative to +1,7 V input
bias) can couple a 250 nA pulse into the input with one femtofarad (1 x

10719

signal amplitude,

F') coupling capacitance. That pulse would be equal to the normal

The ideal shielding scheme would surround all components, leaving the input

unshielded. That scheme would minimize both coupling capacitance and
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capacitance to ground from the input. This ideal scheme is not completely

realizable, but can be approximated by:

1. Minimizing the lead length from photodiode to FORIC input. (The
FORIC test fixture has a 0. 25 inch length.)

2. Shielding the input from all its surroundings but minimizing capa-

citance to the shield from the input by keeping the spacing to greater

than 0.1 inch.

Other components that require care in mounting position are the AGC capa-
citor and the coupling capacitor. Although these capacitors are not as sen-
sitive to picking up extraneous signals as the FORIC input is, neither
component should be placed close to the output. The connection lengths to
these components should also be minimized to minimize coupling to the

output.

Any connection to the 3.9 V filter point or the internal (band gap) point
should be avoided to minimize coupling to the output. These points were

made available for testing purposes only.

The mounting of the TO-100 package requires a special connection between
the metal can and ground in addition to the above precautions. Specifically,
the small tab that indicates pin 10 (see Figure 7) plus a point on the can op-
posite pin 10 must both be grounded with a minimum length lead. Use of
this package configuration is not recommended because of the difficulty in

properly shielding the input from the output.
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SECTION IV

CIRCUIT DESCRIPTION

The FORIC is a very sensitive, wide band, AC coupled linear amplifier with
a large dynamic range and a digital TTL output. The digital output serves
only as a standard interface buffer that ''squares up' the signal. The FORIC

is comprised of six major circuits:
® Pre-amp with AGC
e Post-amplifiers
®  Output stages
e Band gap regulator
e 3.9 V regulator

e 1.7 V regulator

The complete schematic of all these circuits interconnected is shown in

Figure 9,

PRE-AMP WITH AGC

The pre-amp portion of the FORIC is shown in block diagram form in Fig-
ure 10. This circuit consists of a differential amplifier, a DC feedback
loop and current source to stabilize the bias conditions, an averaging (AGC)
capacitor in a feedback loop to control the pre-amp transresistance (AGC

circuit), and voltage followers to isolate these loops from the first post-amp

stage.
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Figure 10. Block Diagram of FORIC Pre-Amp




Referring to Figure 9, page 1 and Figure 10 for operation of the pre-amp
with AGC, consider the loop Q5, R5, R6, D2, Q17, Q18. The voltage fol-
lower (Q17 and Q18) acts to maintain equal voltages on nodes 6 and 7 for DC
bias conditions. Q16 supplies the base current for Q5; therefore no current
can flow between nodes 6 and 7. Diode D2 has 20 times the emitter area of
Q5 and carries 20 times the current (1 mA); therefore, the voltage drops
track over temperature. The 1 mA flowing in R6 produces a voltage drop of
0.0525 V; this same drop appears across R5. The current in R5 is then
0.0525 V/1 K = 52,5 pA. Since 50 uA flows in Q5 (1/20 of the current in
D2), 2.5 pA flows in Q4 for "no signal'' DC bias conditions.

The voltage follower Q10 and Q11 acts to maintain equal voltages on nodes
16 and 4 (the input). Amplifiers Q10, Q11, and Q1, Q2 have their DC condi-
tions duplicated in such a manner that they track each other over tempera-
ture. Q10, Q11 amplifier's frequency response is down 3 dB at 1 MHz

because of C4 and C5 and doesn't interfere with Ql, Q2 AC performance.

A constant current source Q117, Q118 pulls 100 A through R12 to drop

0.1 V across it. Additional current through R12 and R11 flows into Q11 base
and an equal amount flows into Q1 because both are biased similarly. The
0.1 V drop across R12 is balanced by a 0.1 V drop across R1. Thus, 2.5
pA flows into the collector of Q4.

The action of the DC feedback loop causes the Ql, Q2 amplifier output (node
7) to drop toward ground until the base emitter junction of Q4 is forward

biased to give a collector current of 2.5 pA. Thus, the feedback path sinks

the DC current from R1l.

|
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This bias condition is maintained by the feedback loop. Thus, Q4 and Q5
split the 52.5 pA current in R5 in a 1:20 ratio for no current input from the
photodiode. Looking into the input, the effective feedback resistance is 20

times R5, or 20K.

The action of the averaging capacitor in the feedback loop is similar to the
DC feedback action. As the photodiode current increases (Manchester
square wave as shown in Figure 10), the voltage across the AGC capacitor
decreases by the average value of the node 7 waveform, which is one-half
the peak value of the node 7 voltage. Because node 6 drops toward ground,
Q4 forward bias will increase because its base voltage is constant, and a
larger percentage of the current in the feedback resistor R5 will now flow
in Q4. Thus, the effective feedback resistance seen by the input has de-
creased. The transresistance of the pre-amp is reduced. The variable
transresistance is equivalent to changing the ''gain" of the pre-amp, and

thus the nomenclature AGC loop.

Since the AGC voltage (voltage change across the AGC capacitor) is equal to
one-half the peak output voltage swing, the transresistance will go from 1/20
to 1 for a peak output swing of 0 to 0.5 V. At 0.5V, the feedback resistor
R5 is 1 K. Thus, a photodiode current of 0.5 mA will produce full AGC

action.

The current ratio between Q4 and Q5 is the transresistance factor M and is:

fog [a/kT(VEpqs = VBEQS!
M = = €
Ioa * Iqs Ta/kT(V

- ¥ )]
. BEQ4 =~ 'BEQS"

35




The peak output swing is e, the feedback resistance is R P and the photo-
diode signal current (not including dark leakage current) is Is'

1K M

e =1R_=1 a.ndIs=eolK

o s f s M

The difference in base emitter voltages of Q4 and Q5 for no signal input is

VBEQ4 - VBEQS =717 mV.

Therefore, an approximate expression for the signal current as a function
of e is:
o
. [a/kT(eg/2 - T7)]
IFEs=ie
S o [a/kT(eg/2 - T7)] 1

where e, is in mV and IS is in pA.

A plot of this AGC characteristic is given in Figure 11. M is essentially
f=20Ka.tIs = 400 pA. ForIS > 400 pA, Rf=

1 K; therefore € increases linearly up to the maximum 1 V. This maximum

equal to one and therefore R

is controlled by Q116. The nominal voltage at node 9 is +1.1 V. With a
maximum 1 V swing, this reduces to 0.1 V. The Schottky diode on Q116
prevents saturation and the resulting signal distortion for large swings.

Input signal current in excess of 1.0 mA cannot be absorbed by the feedback
loop. Therefore, Q1 is provided with a Schottky diode to shunt any excess
current over 1 mA. However, once excess current flows in Q1, the bias
conditions are upset and the signal will be distorted. This condition can also
exist when the ''gain' is maximum and a large start-up signal comes in

before the gain can be reduced.
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The "gain" around the loop AB is held constant to provide the large dynamic
range independent of temperature and power supply changes. All pre-amp
currents are derived directly from the temperature compensated, voltage
regulated, constant 3.9 V source or from emitter followers whose base is
tied to it (see Q20, Q65, Q66, etc.). Therefore, the gain is independent of
power supply changes.

The gain around the loop is:

T 2 1
f-e J“’RTCT

when wR CT >1 (RTCT is total input time constant)

T
e Ry
JwCT Rfr e
and e is dynamic emitter resistance
kT
"o aly
Tg
so
]wCT k RfT

Therefore, to make gain independent of temperature, RZIE must track R fT.
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Rf is held constant by the AGC loop. The Q118 current source is held con-
stant by the band gap regulator. The 1.7 V regulator output varies with
temperature so that Q4 tracks the base currents Ql, Q11, and R1 changes.
The feedback loop holds the collector current of Q4 constant at 2,5 pA. D2
tracks Q7 and the R5/R6 ratio is constant. The result of these effects is
that the no signal transresistance factor is held to 1/20 independent of tem-
perature. The feedback resistance Rf would vary as R5, but the current

source Q116 tracks R2 in such a manner that Rf is constant over temperature.

Therefore, to hold Ap constant, RLIE must track T. T varies as +0.336
percent/° C and RL (low p resistivity3) varies +0.12 percent/° C; therefore
IE must vary as +0.216 percent/° C, By giving the 1.7 V regulator a

-2.15 mV/° C temperature coefficient and making IE =175 pA, with the R3,
R17, D6 compensation network, IE varies as +0.216 percent/° C. There-

fore, AB is constant over voltage and temperature.

A noise analysis has been presented elsewhere4. so only the results will be
given here. Because of the presence of f2 noise, the FORIC must have at
least two poles in the high frequency cutoff characteristic so that the total
noise will be bounded. The low frequency pole is at f, and is:

1

fO L ‘ﬁﬁ = 13.5 MHz

3See Appendix A for details of the advanced bipolar process,

4J .R. Biard, "Optoelectronic Aspects of Avionics Systems, ' Final Report
AFAL-TR-73-164,
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the second pole is in the post-amp and is:

f, = 1,85f = 25 MHz
2 o

The effective feedback resistance Rf varies from 20 K to 1 K over the dy-
namic range; fo changes from 13.5 MHz at minimum signal to 24 MHz at

maximum signal.

The emitter coupled input transistors Q1 and Q2 have a size ratio of 1:10.
Q2 has 10 times the area of Q1 and carries 10 times the current. Thus, the
VgE of Q1 and Q2 are equal and give drift cancellation. However, r, on Q2

is 1/10 of r, on Q1 so that the gain and noise of the input stage is controlled

by Q1.

Resistor R2 is a special ''zero effective capacitance' resistor to minimize
the input noise. The network consisting of Q20, Q21, D4, R22, and R26
supplies a signal on node 72 which is equal to the signal on node 3. The
other ends of R2 and Repi (the region surrounding R2) are tied to 3.9 V.
Thus, there is no voltage difference across any element of the distributed
capacitance between R2 and Repi' See "Model for Special Resistor R2" in

Section 5 for a complete description of R2.

Assuming a total input capacitance of 6.5 pF including the external photo-
diode plus stray capacitance, equivalent input resistance at minimum signal

is 6.8 K. "White" noise at zero photodiode current is:

o

1

n s 4kT 4kT

Afw = 2qIBQ1 + Rf + R1 + 2q (2.5 pA)




The f2 noise is:

o

i

n L2 2 _ kT

oCw CT 2.2k T re where re = =
f2 E

Minimizing the noise terms containing emitter current in Q1 yields an opti-

mal value
IEOPT = 175 pA

The total rms equivalent noise is

inroran © 7.54 nA for minimum input signal

When Rf =20 K and nroTAL © 7.54 mA, the response of the circuit is
basically a two pole network with a, = fo/f2 = 0. 54.

For 10 MHz square wave,

e

Bt [1 - 8(T/2)] _
TR, = 1/2 1——7—}1 o0 i 0.47

Thus, to achieve 1078 BER, I, must be (1 /0.47) (5.62) = 12 times larger

than the rms i“TOT AL for a single comparator on the output.

Ismin = (12) (7.54 nA) = 90.5 nA
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at 125 nA input, there is 125/90.5 = 1.38 or 2. 8 dB electrical excess S/N
at 25° C.

The change in noise as temperature increases from 25° C to 125° C is:
e White noise decreases 16. 4 percent.
e The f2 noise increases by a factor of 1.78.

° increases from 7.54 nA to 7.57 nA, a 0.3 percent change.

'nTOTAL
The pulse jitter due to noise is developed in detail in Appendix B. The re-
sult of that analysis is that the rms jitter of the received signal is 3 ns for

BER = 10" 2,
POST-AMPLIFIERS

Both post-amplifiers are differential stages with temperature compensated
gains of 14 (see Figure 12). Both have diodes in their collector circuits
(D7, D8, D34, D35) to limit the output swings to one diode drop. Because
of the low supply voltage (3.9 V - VBE) applied to the load, a large signal
swing can saturate the differential amplifier and distort the signal. The

collector diodes prevent this.

AC coupling between the two post-amps is accomplished with an external
coupling capacitor. A unique feature of this coupling is the manner in
which the differential amplifier reference is derived. One emitter follower
(Q30) output DC couples through R31 and R46 into both inputs and biases them
at the same level. The AC coupling feeds one half of the differential ampli-

fier and effectively swings the total signal.
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Figure 12, Schematic of First and Second Post-Amp Stages
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The coupling capacitor terminals are always biased as shown so that a pol-

arized capacitor can be used externally. The time constant is essentially
R = 1.5 K times the capacitor used. For a 1.0 pF capacitor, one time

constant is

3
1}

RC = (1.5K) (1 yF) = 1.5 ms

SO

H
n

100 Hz

The gain of both stages is held constant with temperature.

R : RL q IE
v 2re 2kT

Because Q106 is two times the size of Q109, the current in Q106 is twice
that in Q109. Q106 and Q111 provide the emitter current IE for the two

stages. Therefore,

)

T 2(VR107 + Vgos
E R107 + R95 |
= = . . 14
If VR107 + Vpgs = VR and R107 + R95 = R, then the gain is |

R

v kTR ‘

A

RL/ R is matched to VR/T by using the band gap regulator output and the

ratio of R95 to R107 with their different temperature coefficients.
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OUTPUT STAGES

There are two stages in the output circuit of the FORIC as shown in Figure

13. The first is a level translator, the second a TTL buffer.

The output of the second post-amp stage is a differential signal referenced
to 3.9 V. This signal must be translated to a signal referenced to ground so
that the TTL buffer can ''square it up' for presentation to the output pin.
Translation is accomplished by a cross coupled pair of current mirrors.
Transistors Q31, Q32 with R64 forms one current mirror, and its output
drives the input of Q43, Q44 with R63 current mirror. The current through
R64 or R63 is split between the two current mirrors in such a manner that

the total current is constant. The operation is similar to a flip~flop.

Schottky diodes D32 and D44 clamp the collectors of Q32 and Q44 so that they
do not saturate. D32 and D44 clamp without stealing any current from either
base. The Schottky diodes get their current from R65, and their input vol-
tage is clamped to the same level as the bases of Q32 and Q44 by diode D65,

The two current mirrors not only translate the second post-amp output vol-
tage swing down to ground, they also convert the signal from a volta%e to a
current. Therefore, the current in Q32 is mirrored in Q33, and Q44 cur-
rent is mirrored in Q45. Resistors R32 and R33 change the signal back to
a voltage swing that drives the TTL buffer. Schottky diodes D32, D33, D44,
and D45 prevent transistor saturation without stealing any base current.
Diode D9 is in series with R33 to maintain equal voltage swings across R32

and R33; it clamps the bottom end of R33 at two V_,_'s above ground the

BE
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Figure 13. Schematic of Output Stages
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same as Q38 and Q40 clamp the bottom of R32. The currents in these two
clamped paths are not identical but are very close allowing nodes 44 and 55

track over temperature.

The input to the TTL gate is a linear voltage swing. All the transistors in
the TTL output stage are Schottky clamped and divert current from their
bases into the Schottky diodes. The values and connections are identical to
standard Schottky TTL gate outputs, except the Schottky diode D36 is sized
to give the standard 5400 TTL output 0" level of 0.4 V instead of the Schot-
tky TTL 0.5 V level.

The gain of the output stages varies as one-half the transistor's beta or g/2.

Therefore, it is not constant with temperature.

The output of the second differential stage is approximately a 0.4 V swing
with the minimum current (125 nA) signal into the pre-amp. The worst case
B is at low temperatures and can be as low as 40. Given the fact that the
minimum input signal does not cause the post-amp stages to limit (collectors
clamped by diodes across them), the gain of the output stage is still suffi-
cient to guarantee full TTL output swing with much less than the minimum
signal. As a matter of fact, the output follows the noise on the input when
no signal is present. The output swings full amplitude with noise so that
there is never a problem of leaving the output '"half-on' and causing input

problems for a TTL gate driven by the FORIC.
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BAND GAP REGULATOR

The detailed design approach to synthesize a band gap regulator is well
documented. %0 Essentially, the most stable and predictable property of a
silicon transistor, the base emitter voltage (VBE), is used as a reference
to generate a voltage with a given temperature coefficient (TC) which be-

comes the output of the regulator.

Referring to Figure 14, transistors Q104 and Q108 are run at different
emitter current densities (J). The emitter current in Q104 is the same as

in Q108, but the emitter size of Q104 is 10 times Q108, so JQ108 5

10 JQIO 4 This difference results in a VBE difference of
J
AVBE _ hkT m JQ104 ¥ nkT 10
a Q108 1
where
T = °K
k = Boltzman's constant
q = electronic charge
n = process constant

5Robert Dobkin, ''1.2-Volt Reference, " National Semiconductor Application
Note AN-56, National Semiconductor Corp., Santa Clara, 1971.

6Alam B. Grebene, Analog Integrated Circuit Design, New York: Van Nos-

trand Reinhold, 1972,
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Neglecting the drop (nominally 1 mV) across R110, the voltage at node 104

is the same as the voltage at node 117. Since R103 = R111, the AVBE is
split between these two resistors and has a positive TC of 1/273° K ~ + 0, 36
BE ™ 59,7

mV at 25° C, Neglecting Q103 and Q104 base currents, the current R102

percent/° C. For the Honeywell Advanced Bipolar Process I, ¥ AV,

equals the current in R103, so that the voltage across R102 is

b _ "VBE R102
R102 © "2 Rio3

The band gap output voltage is the voltage at node 103, This voltage is

v. - VBE Ri02 F
BG 2 RIo3 BEQ103

and its TC is the sum of the positive TC across R102 and the negative TC
(~0. 36 percent/° C) across VBE Q103" By adjusting the R102/R103 ratio,
the band gap voltage can have zero TC or any value required. For the
FORIC, the TC was designed as 0/° C.

The collector of Q103 has a feedback path back to node 102 via resistor R105.
R105 was picked by computer simulation to minimize changes in Q103 col-

lector (node 109) voltage caused by power supply (Vcc) variations.

The band gap output (node 103) is temperature compensated but not voltage

compensated. Node 109 is voltage compensated but only partially tempera-

ture compensated,




Various voltage levels with either zero TC, or one or two VBE levels above

this zero RC voltage were required. These voltage levels required voltage
compensation. To accomplish this, the band gap output (node 103) was
shifted up three VBE‘S--Dlol, Q101 and Q102--then back down with Q107
acting as the common drive point. The final temperature and voltage com-

pensated outputs appear on nodes 123, 91, 111, and 132.

In selecting values of emitter currents for the transistors driven by Q107,

the emitter current densities were chosen so the total VBE

pendence would match with that of devices Q101 and D101. Resistor R104

temperature de-

was chosen to match the emitter current density of Q102 to Q107 so their

V,'s would track with temperature.

BE

/
3.9 V REGULATOR

To eliminate the effects of a 20 percent variation in Vcc (i.e., 4.5 V < Vcc
< 5.5 V) the circuitry in the pre-amp and the post-amp stages are powered
from a 3.9 V regulated supply. To minimize the loading of this supply and
thereby simplify its design, the 3.9 V is used in most cases to provide only
base current to emitter followers whose collectors are then tied directly to
Vce. Transistors Q63, Q64, Q65, and Q66 are examples of this 'load
minimizing' (see Figure 9, page 2). The emitter followers lower the
regulated voltage by one VBE'
The final regulated voltage is equal to 3.9 V - VBE' and it varies with

temperature as a V The total current supplied by the 3.9 V regulator

BE’
under nominal conditions is 1.5 mA, The circuitry for the 3.9 V regulator

is shown in Figure 15,
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The 3.9 regulator input nodes 130 and 132 come from the band gap regulator.
Node 132 is the zero temperature coefficient, voltage compensated band gap
voltage while node 130 is one VBE above this, and it varies with temperature
as a VBE' Node 131 also has a VBE voltage temperature coefficient. The
total current through resistor R130 varies according to the temperature co-
efficient for low p-resistors or 0.12 percent/° C. Q132 is a 2X device.
Therefore, its emitter current is twice the current in R130 and has this
resistor's temperature coefficient. Therefore, the voltage across R132 (for
nominal Vcc) remains constant. Since node 134 is clamped at a VBE by
Q133, any excess current through R132 caused by an increase in Vcc is
absorbed by Q133. Transistor Q134 is a 2X device and its emitter current
will be twice the current in Q133. Thus, the current in Q134 changes only

with Vcc changes, not with temperature.

The ''reference node' for the 3.9 V regulator is node 137. The voltage on
node 137 is simply "mirrored" over to the 3.9 V output by transistors Q137
and Q138. Both of these devices have approximately the same VBE at nom-
inal supply voltage. The differential amplifier formed by Q135 and Q136

tries to maintain node 141 at the same voltage as node 133 (i.e., the zero

temperature coefficient band gap voltage). The output voltage of this ampli-
fier appears at node 137 and is compensated for variations in supply voltage
as follows. As Vcc increases, the current in R132 increases. Since the
collector current in Q132 is fixed by the current in R130 which is supply
independent, the excess current in R132 is absorbed by Q133. The collector

current of Q134 then increases and so does the voltage drop across R133.

This acts to bring node 137 back down.,




Transistor Q137 functions as an emitter follower off of node 137. This
minimizes the loading on this node and prevents disruption of the regulator.

It also shifts the node 137 voltage down by one VB The regulated voltage

E'

appears at node 138 reduced by one VB Transistor Q138 is connected as

E.
a diode to shift the regulated node 138 voltage back up to the desired regu-
lated output voltage. This shift down then back up approach is used to ob-
tain the highest regulated voltage possible with a low Vcc voltage of 4.5 V.

Other approaches suffer a V. drop, which puts the regulated voltage at

BE
less than 3.9 V. Therefore, node 137 is regulated at 3.9 V, then is shifted
down by a VBE (Q137), and then back up by a VBE (Q138). Resistors R135
and R148 serve as a resistive current source for Q137 and Q138 and are

chosen for a nominal current of 4.0 mA.

Resistors R137 and R138 are the principal feedback resistors that tempera-
ture compensate the 3.9 V output. Node 141 is held at the zero temperature
coefficient band gap voltage on node 132 by the Q135-Q136 differential amp-
lifier. Transistor Q139 decouples the current flowing in R137 and R138
from the 3.9 V supply, minimizing the total current loading on the 3.9 V
output. If the base of Q136 and R136 were disconnected from node 141, the
voltage that would appe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>